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I. Research Carried Out.
The following report, which is being prepared for submission to the
Astrophysics Journal, is a full description of research completed under

this grant.



Observations of Comet Kohoutek (1973f) with

"a Ground-Based Fabry-Perot Spectrometer

D. Huppler, R. J. Reynolds, F. L. Roesler, F. Scherb and J. Trauger

Physics Department, University of Wisconsin, Madison
ABSTRACT
Observations of Ha, - H20 , -and (o1l em1551on lines from comet- Kohoutek

were made during a two month period around per1he1ton. Analyses of Ho line

' profiles and 11ne 1nten51t1es_1nd1cate that the mean outflow velocity of
. A ,

+

0.2 km s

rate varied from about 1.0 x 1029 g7 to about 3.5 x 10

“the hydrogen atoms was 7.8 and that the hydrogen atom production

29 5~ for comet-sun

‘distances'between 1 AU-and 0.4 AY, respectively. The identif{cation of an
H20 emission feature in certain Ho scans 1nd1cates that the HZO jons were
mov1ng in a tailward d1rect1on with a velocity of 20 to 20 km s w1th respect_
to the_comet nuc]eus An upper 11m1t of 1 part in 100 was found. for the D/H
“ratio in the cometary atomic hydrogen c]oud

| Subject heading: comets

I. INTRODUCTION

Between 1973'December i end 1974 February 2 Opf{cal emission‘1ines froml
the gas cloud surroundlng Comet Kohoutek were observed using a double Fabry-
'Perot eta]on spectrometer at Kitt Peak National Observatory The.Spectrometer.
Vrhad a resolving power of 40,000, correspond1ng to a velocity resolution of
about 7.5 km sec‘]. w]th ‘this reso]ut1on it was poss1b1e to use the comet—

earth re]at1ve ve]oc1ty to resolve faint cometary Ha A6563, [OI] 26300 and



-

other emission lines from geocoronal and airglow emissions and to study the -

- cometary line prof1les in order to obtain information about the composition,

effective temperatures, outflow ve]oc1t1es, and production rates of atoms

and ijons in the cometary envelope.

II. INSTRUMENTATION

" The Spéttbbméter.was'cbup]ed'%o the McMéth‘Solar Telescope by focussing

~the primary image of the sky, which has a scale of about 1 arc min per 25 mm,

~directly onto the 150 mm diameter etalon of -the Fabrj—Perdt spectrometer.

Masks could readily be placed just above the Fabry-Perot to restrict the field

of view from 5.7 arc minutes down to less than one arc minute as desired. The

light paésed by the 150 mm Fabry-Perot was coupled by a 3:7 ratio afocal lens

[+ .
system to a lower resolution (§x=).5A) 50 mm Fabry-Perot which was piaced in
series with any oﬁé_of several 50 mm aperture ihterferehce filters with band-

passes typically 15~20A. The low resolution Fabry ~Perot was . used to suppress

a]] but one of the narrow (6A~0 17A) transmission peaks of the large Fabry-

Perot which fell within the passband of the interference filter. The Fabry-

Perot etalons were housed in separate-gas4tight'chambers and pressure—scanned'

- over spectral intervals up to GA us1ng SF6 as the scanning gas. An automat1c

_pressure deference contro] system ma1nta1ned the tune of the two Fabry-Perot

etalons during scans. In order to monltor changes in sky brlghtness and
atmospheric transmittance, about 4% of the light incident on the Spectrometer :

was directed to a reference system containing a 100A wide filter centered near

" the wavelength being scanned. The number of photons counted by the spectro-

meter and reference system during small equal wave]ength scan intervals were
punched on paper tape on command from an interferometric refractometer scanned

in unison with the Fabry-Perot etalons. This method permitted the direct
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comparison and addition of scans for enhancing the signal-to-noise ratio,

-III. OBSERVATIONS AND ANALYSIS

a) Cometary Ho Spectra

Cometary Ha is produced by fluorescence following solar Lg excitation '
of cometary hydrogeh. Examples of scans taken for the purpose of measuring
cometary Ho emission are shown in figures 1 and 2. As these séans show,

geocoronal Ha em1ss1on (1abeled component 1) was always present and in some
cases blended with the cometary emission {labeled component 2). In order to
isolate the purely cometary emission features, scans of geocoronal Hg emission
were taken in directions'away from the comet and away from regions of expected
galactic emission, thus determining the shape and position of the geocoronal
components 1n the comet scans The absolute wavelength calibration was
obtained from the position of the geocoreonal Ha 1ine, which is fiuorescentty
produced by solar LB excitation of geocoronal hydrogen. Stnce.on1y the 3p
levels are ‘excited in this process, the- center of gravity of the Ha line will
be. at 6562, 74A (Garcaa and Mack 1965}. In those scans were the cometary and

| geocoronal Ha Tines were well reso]ved (e g s f1gure 1a) the line identified
as cometary Ha was always shifted in wavelength from the ‘geocoronal Tine by
the amount corkesponding to the comet-earth relative velocity listed in the
ephemeris (C]ark'1973).

Useful He scanslwere taken out to 6 arc-minutes (250,000 km) from the
comet head; beyond this the cometary Ho was not detectab]e above the noise;‘
F]gures ]b and 2b show scans taxen with the f1e1d of view centered on the head -
of the comet In these scans the cometary emission feature is stronger than
in the sunward direction scans {figs. la and-za) and a]so_appears to have an -

assymetric line profile suggesting the presence of a third emission component
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(1abe]ed component 3) on -the red w1ng of the cometary Ho. ]1ne Scans taken
in the ta1]ward d1rectlon out to 200,000 km (5.5 arc-minutes) from the head
(fig. 2c) in late January show this additiona] component more c]early We
have tentatively identified the additional line as an H20 emission line ~
| (Mehinger et al. 1974}. The H20 emission was always red shifted. w1th reSpect
to its comet rest wavelength and was on1y present in the scans centered on the
head and in the tailward direction. This indicates that the HZO was not
: exoanding radiai]y but rather was moving out in the tailward direction as would
be expected for an ion. The measured ta11ward ve]oc1t1es of the H 0 1ons were
in the range of 20 to 40 km/sec |

In the analysis of these scans, the spectra were computer fitted using
three emission components convolved with the instrumental profile: 1) a |
geocoronal Ha line, 2) a cometary Ha line haV1ng a2 width determ1ned from the
.unb1ended sunward (hence presumably H 0" free) scan of 1973 December 6 and
having a pos1t1on relative to geocoronal Ha determ1ned by the comet-earth |
relative velocity, and 3) a cometary H20 line, red shifted from cometary Ha.
Except for twilight scans, the_effect of the solar Fraunhofer Ho absorption Tine
‘coutd be'neg]eCted._.Reasonab]e variations of the parameters were allowed in the
fitting routines. In the figures, the fits obtained in this manner are shown

superposed on the data.

' b) ~Absolute Ho Intensity Determination

The detenmination-of the comet Ha intensities (photons cm"zsec"] ster“])
was accomplished by two different methods. In the first method the sensifinity.
" of the spectrometer et Ho wes determined by scanning a galactic emission
nebu?as‘NGC_149§, nhen it was near the zenith. Tha Ha surface brightness of
a selected'regfon of NGC 1499 was taken as 580 = 120 Reyleighs from arprevious

1973) of NGC ]499 with the North

al.

comparison by Reynolds (Reynolds et
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_ American nebula (NGC 7000) whose absolute Ho 1ntens1ty was measured by Ishida
and Kéwajifi'(1968).; From severa] observatlons of the comet in a g1ven night
_the extinction for the large zenith angles (or large number of air masses) of
the cometary observations was est1mated, and thus comet intensities were o
obtained. This method is not very accurate due tp the large-and probably
unreliable corrections for atmospheric eﬁtinction in many of the comet scans
taken at large zenith angles. |

The second method of obtaining absolute comet emission line intensities'
took advantage of the fact that geocorona1 Ho was always present in the comet
Ha scans. Using values of the geocorona1 Ho 1ntens1t1es ca]cuTated from a
theoret1ca1 model. by R. R. Me1er (1969, 1974), the comet Hu intensities were
directly determined. The advantage of this method is that in each scan both’
comet Ha and geocoronal Ho undergo the same extinction, énd‘thus it is not
necessary to correct explicitly for extinction. ance the success of this
method depends on the accuracy of the geocoronal model, the\mode1 pred1ct10ns
were compared with our geocoronal intensity measurements baséd‘on the NGC 1499
ca]ibration for three 5cans-at zenith angles less than 50° where corrections
for atmospheric extinction are reliable. On two of these scans.thé'mode1
bredictions were 14% higher than the measurad intensities'and dn the third'scan
‘the model prediction was 15% 1ower than the measured intensity. The absolute
Ha 1nten31t1es reported here were those obtained by this geocorona? Ho comparison _
method. 7 |

Figure 3 shows the.observed Ho surface brightnesﬁes plotted as a function
of the sun-comet distance. Since the scans were various]yltaken on and off the
‘head and with different fields of view, the data were all normalized to yield
the brightness averaged over a 2 arc mindte field of view centered on the head
at a distance of 1 AU.from the earth. In doing the norma1123t1on, scans taken

on the same n1ght with different fields of view and in d]fferent pOSTt]OﬂS with
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-respect to the comet head were'compared for_severa}‘separate nignts to

estimate the Hu brightness distribution around the comet head.

c) Hydrogen Productlon Rates

The observed cometary Ho br1ghtness d1str1but1on is assumed interpretable
in terms of a simple radial outflow model. The method of analysis used here
to determine hydrogen production rates is simi]ér to that in Carruthers et al.

{(1974): The hydrogen density distribution nH(r') is given by

1 — l2‘__ .
ny(r') = Q4 vy, _ | | (1)
where QH is the hydrogen‘production rate in atoms s"T, r' is the distance of
the hydrogen from the comet nucleus, and-§H is the average hydrogen outflow

velocity. Then the column density hH(r) of hydrogen along a 1ine of 519ht '

‘wh1ch has a distance r of closest approach to the nuc]eus is

Ny(r) = Qy/arv,. N ()
The Ho intensity I along that same Yine of sight is given by -

I, = gNH/4ﬁ' o - '  7 (3)
where g is the number of Ha photons per second fluorescently produced by
each hydrogen atom in the line of sight due to absorption of solar Lyman g
photons. This approach assumes that the hydrogen cloud fs optically thin

to Lyman 8. This assunption is justified below.

The Ho emission rate factor g is given by.
= g,/R | - (4)
where 9 is the Ha emission rate factor at 1 AU and R is the sun- comet

distance in AU. The factor g9, is given by
- ‘ 2
- e
go =0.12 e f3] (TTFO) ) _ (5)4

where the factor 0.12 is the Ha branching ratic from the 3p state, %E_ f31
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is the scattering coefficient for Lyman 8, and ﬁFO is the solar Lyman 8 photon
flux per unit frequency interval at 1 AU in the neighborhood of the cometary 3
Lyman 8 Tine. | 7 | L |

| The profile of the solar LB emissionlline integrated ovef‘the solar disk
has not been measured. The LB profite measured at one point on the'sun by
Tousey (1962) shows a self-reversed line with a peak to valley ratio of 3 to 1.
Geocorgnal hydrogen would be excited by solar LB in the valley of .this profile,
wiile the comet-sun velocity during our observations Doppler-shifted the
cometary hydrogen LB line to a peak of the solar Lg prafile. The 9 factof

-5

- which accounts for the geocoronal emission is 1.5 x 10 5"1 (Meier 1974);

ol under

thus - the g, factor for cometary hydrogen is taken to be 4.5 x 107° s”
“the assumption that thejTousey profile is a reasonéble'approx?mation to the
integrated disc profile.

.The hydrogen atom mean outflow velocity Vh was determfned from the
observed tine profiles, which had a width about two times instfumenta] width.
. The profiles cannot be fitted by assuming that the comet hydrogen atoms were
all mov1ng with the same speed.  However, reasonable fits are obta1ned
assum1ng that all the H atoms were moving radially outward with a speed
distribution that was Maxwellian (Bertaux gi_gl;_]QYS).‘ With this mode] we
obtain a mean oqtf]ow velocity Vh of 7.8 £ 0.2 km s'] (which EorreSponds.to
a'teﬁperaﬁure of 2900 * 150°K). | |

In a radial outfiow model for the comet, the average brightness over
the field of view fs appfoximate]y_the brightness at the center of the field
of v1ew 1f the comet head is not 1n the f1e1d Ana];s1s of the sunward scan
:-1n f1gure Ia (used a5 an example throughout this. section) gives a maximum
hydrogen density of 1.0 + 0.2 x ]U cm™3 at the center of the field bf'vieﬁ
(84,000 km from the comet center). This carresponds to a product1on rate

-1

QH = 3.5 % 0.6 x 10°° hydrogen atoms s for a comet~sun distance of 0.75 AU.
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The effect of multiple scatter1ng of LB was est1mated by cons1der1ng a
therma11zed 2900° K hydrogen cloud w1th a density fa111ng as l/r from the

-3 at r' = 8.4 x 10% km.” Under

comet head and having a density of 103cm
these conditions it is readily ehown that the so]er Ls f1ux wouid be reduced
‘by 1/e at a distance of 5.4 x 103 km from the comet head. Since the region
within this radius would contain less than 10% of the total number of hydrogen .
atoms in the 2 arc minute field of view, we neg]ected multiple scattering of
solar LB. |

'The accoracy of the simple radial outflow model used here is Iimited'by_
at least two effects (Carruthers et al. 1974). First, solar Ld radiation |
pressure would tend to push the hydrOgen cloud away from the sun. For the
outflow velocity of 7.8'km s'] found from the scan shown in f1gure la, one
finds that the hydrogen atoms took about 104 seconds to move from the comet
head to distances corre5pond1ng to the center of the f1e1d of view. Radiation
pressure wou]d have s]owed these atoms by only 0.07 km sec 1, and thus would
have had 1little effect on results deduced from this scan. The error in |
neg]ectinglthis effect is less than 5% of the Ha surfaoe briohtoesses detef~‘
mined from any of our soans A second effect is tne finite lifetime of the
hydrogen cloud due to ionization by the solar wind. Carruthers et al. (1974)
g1ve a 11fet1me of about 2 X 10 sec for the comet-sun distance for f1gure 1a,-
wh1ch means that tne hydrogen atoms on the average passed well beyond the
ragion exp]ored in th1s study before the effects of ionization were significant.
"The error in neg1ect1ng th1s effect on the surface brightness is less than 5%
- for any of our scans.

Figure 4 shows the hydrogen atom production rates plotted versus the '
comet-sun distance. Scans centered off the comet head were used to determ1ne
the absolute production rate in the manner indicated above. A direct deter-

mination of the production rate from head-centered scans would require a model
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for hydrogen densities near the nucleus. To avoid this problem, only
- relative production rates were determined from the head-centered scans, and
these in turn were normalized to the production rates determined from scans

off the head on those days in which scans both on and off the head were made.’

d} Deuterium/Hydrogen Ratio

In an attempt to measure the D/H ratio, several scans.were extended to
include the region 1.8 R_to the b]ue of Ho which is the expected‘position of
the Do emission 1ine. Figure 5 shows pfeperihe]ion and postperihelioﬁ scans.
Before perihelion the comet-sun ve]ocity'Dopp1er shifted the cometary hydrogen
'LB line to the red peak (assuming the Toﬁsey profile) of the solar L8 line and

the cometary deuterium LB line to the blue peak of the solar LR line. After

perihelion the solar spectrum was red shifted re1at1ve to the comet, placing
the cometary hydrogen LB 11ne on the blue peak of the so]ar LB ]1ne and the
cometary deuterium LB line completely off the solar L8 line. Thus postperihelion
observations should show no Do feature In preperihe11on observations comefary
deuterium and hydrogen would have approximately the same g .faCtor and there-
fore a'direc?_p/H_ratio‘coqu'be measured if the Do ]ine_were_detected;

Scans for Da were taken to within 10 days of perihelion. The spectrum is

comp]1cated by two terrestr1a1 HEO absorption features, a weak cometary H D

2
~1ine and possibly other weak a1rg]0w or cometary features In the near-
perihelion per1od the comet was - v1s1b]e on]y in the morning tw111ght sky where
_,terreatr1a1 features were enhanced. Ten days before per1he110n the morning
twilight dominated even the cometary Ho emission and measurements were ha]ted
After perihelion, observations in the Dy region of the comet spectruln were made
for comparison. Observations ﬁf'the morning twilight were alsc made fo rémove
terrestrial features. An analysis of all Da scans did not show any s1gn1f1cant

additional feature on the preperihelion scans that could be attributed to

cometary Do emlssaon. Based on the noise in the Da region we are able to put
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an upper limit of 1 part in 100 for the D/H rat1o in the cometary atom}c

; hydrogen cloud.

e) [OI] A6300 A Emission

By changing the interference filter and retuning the eta1ons, observation§
could a]soAbe made at 6300‘3 in order to observe [0I] emissionl%rom'the comet,

By comparing filter efficiencies, etalon transmission curves and photomultip]ier
quantum efficiencies, the instrument efficiency at 6300 E re]ative_to the
éfficiency at Ha could be determined, permitting ébsqute intensity measurements .
Atmospheric extinction estimates were made by comparing several scans made on
the same day, as in the first method described above for Ha. |

A1l 6300 A scans, examples of which are shown in f1gure 6 contain the
[01] airglow feature at 6300.23 A (Chamber1a1n 196]) The measured airglow
surface brightness indicates that the calibration was reasonable; however it is
not sufficiently well knbwn to use for calibration. Scans on and near the comet -
head show an additioﬁa] Tine shifted from the airg]ow 1ine by the Dopp]ef
shift correspond1ng to the comet earth relative ve10c1ty, and is 1dent1f1ed as
cometary [0I] A6300 emission. This cometary [0I] em1ss1on presumab]y is
'produced by mo]ecular dissociations which leave the oxygen atoms in the 1D
state. Collisional de-excitation occurs only in a very small region near the
center of the comet, and both f]uqrescence and c011isiona1.excitation must
be small (Arpigny 1965, Biermann and Trefftz 1964).

The cometary liné was consistently slightly wider than thé aikg]ow line,
but the uncertaint}'in the derived width is }argé because the width was
approximately one half the instrumental width, vhich was chosen to be optimum
for the hydrogen measurements. The measured full widfh at half maximum of the.
cometary [OI] profile was 2.7 (+1.0, -1.3) km 5] (cokrequndihg to an effective

temperature of 2400 [+2200, -1800]°K). These velocities are insufficient to
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carry the excited atoms outside the f1e1d of view before rad1at1ng There—
fore, the absolute 1ntens1ty measurements of [OI] 26300 give directly the

1

production rate of oxygen atoms in the 'D state. The surface brightness of

200 = 100 Rayleighs measured on 1973 December 8 gives a ]D oxygen production
28 s The !

rate of 221 x 10 D oxygen production rates have been'p10tted

as- a function of comet-sun distance in figure 7.

IV. DISCUSSION

~ The values we have obtained for the hydrogen production rate at various
heliocentric distances, shown in figure 4, are generally in good agreement
‘with the results bbtained by Carruthers et al. (1974) using Lyman alpha
imagery of Comet Kohoutek.. At present, the major source of. uncertainty in
our results for hydrogen is probably the lack of reliable solar Lyman beta
profiles, integrated over the solar disk, for differeht_1evels of solar
activity. Presumab]y,-such observations will eQentua11y be carrigd out,

Additional analysis of the red shiffed H20+ emission line detected in
our Ho scans is being carried_out,in‘order to obtain an estimate of the H?_O+
production rate in Comet Kohoﬁtek. It should then also be poséible to
obtain an estimate of the HZO production rate, using fhe re1¢ﬁant cross;
sections fqr photodissociation andrphotoionization of H,0.

Sinté a number of different molecules, including H20, cou1d‘be saurcés
of the hydrogen and }D oXygen atoms wh1ch produced the emissions we observed
we cannot at present use our observations to determine the production rate
of oxygen or any of the possible parent mo]ecu]es. However, the ]D oxygen
' produttion rates at Teast set a Tower limit to the total oxygen production
rate, and thus our results-are consistent with'thé'obsefvatipns of Feldman et

al. (1978) who found a production rate of 1.4 x 102% s™) for oxygen. These
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rates indicate that about 14% of the oxygen atoms were produced directly intq
SinQ]et states. - o . |

In conclusion, we feel that ground—baséd Fabry-Perot observations of
comets can provide a powerful tool for the study of cﬁmets, especially when

carried out in close coordination with other types of observing techniques.

Me would Tike to thank F. Barmore and B. Donn for their assistance and
advice; We are especially grateful to R. R. Mefer for calculating the geo-
coronal Ho intensities used in our cohetary Ha fntensity determinations.
This work was c;rried out with support from Kitt Peak National Observatory,
the University of_wisconsin Graduate Schbo], the Planetary Astrbnomy'Program
-df the National Aeronautics and Space Administration through grant NGR 50-
002-242, and the Aeronoﬁy section of the Natioﬁa1 Science Foundation through

grant GA-40146.
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FIGURE CAPTIONS

Spectral scans near Huo taken on 1973 December 6 with a circular 2
arc-minute field of view. Scan (a) was taken at 1250 UT with the
center of the field 1.5 arc-minutes (84,000 km) sunward of the comet

head. The geocoronal Ho line (component 1) is at 6562.74 A. and the

o
= cometary Ho line {component 2) is blue shifted 0.63 A corresponding

to the comet-earth relative velocity. The continuous line through'
the data is generated by arcontihuum and a two-Gaussian fit, the
components of which are shown below the data. Scan (b) was taken at
1235 UT centered on the head. A‘third emission feature is evfdent,
and the fit shown includes a third Gaussian‘compnnent (component 3)
0.3 A redward of cometary Hu. Scan (c) was taken at 1300 UT with the
fie?d of‘v{ew centered 1.5 arc—minutes tailward of the comet head,
The fit again 1nc]udes a third component red-shifted by 0.3 A from |
cometary Ha, and identified as H20 . _ |
Spectral scans near Ho taken 1974 January 26 with a éiraufar-G arc-
minute fie]d of view Scan {a) is the sum of scans taken at 0254 UT
and 0428 UT and centered 5.5 arc-minutes (2.1 x 10 km) sunward of
the comet head. The cometary Ho. ]ine (component' 1) is red-shifted
from the geocoronal Ha line (component 2) at 6562.74 A due to the
comét«eafth relative velocity. Scan (b), taken at 0350 UT Centerad
on the comaf'head shows the H20+ feature (component.3) -Scan {c) is
the sum of scans taken at 0307 UT and 0416 UT with the f1e1d centered
5.5 arc minutes taaIward of the comet head. The third component is

again evident.
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Fig. 3 Brightness of cometary Ha emission. The ordinate gives the brightness
aheraged over a 2 arc-minute head-centered field at a distance of 1 AUVV
from the earth as a function of the comet-sun distance. Preperihelion
data are shown as open.circ1es and postperihelion data‘are shown as
‘closed circles. |

Fig. 4 !Hydrogen atom-production.rate as a function of the comet-sun distance.

Fig. 5 Comparison of preperihelion and postperihelion scans near Ha, includingr_
the region where Du em{ssion would occur. Positions marked_ere (from
left to right): unidentified terrestria1 aihg]ow-emission, cometary
H20+ emission, cometary Do emission, terrestrial H20 absorption,
cametary Ho emission, and geocoronal Ha emission. , | ‘

-Fig. 6 Spectral scans taken near [01] A6300 A on 1974 January 24 with a
circular 40 arc-second field of view. Scan (a) was taken at 0230 YT

Vcentered on the comet head, and shows the cometary [0I] 26300 A
emission red-shifted due to the comet-earth DoppTer sh1ft by 0. 45 A
from the [01] airglow feature at 6300 23 A Scan (b) shows the same
spectral reg1on scanned at 0240 UT with the f1e]d of view centered 40

| arc-seconds {24,000 km) off the comet head. Scan (c) is-the sum of
two scans taken at 0205 UT and 0250 UT with the field centered 80 arc-
seconds off the comet head

Fig.'7 Product1on rate of ]D Ooxygen atoms as a function of the comet sun

d1stance
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